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Department of Surgery, Clinical Sciences Building, Leicester Royal Infirmary, Leicester, U.K. 
Objectives: To compare the ability of continuous wave Doppler (CWD), B-mode ultrasound (BMU), angioscopy and 
transcraniaI Doppler (TCD) to detect technical error during carotid endarterectomy (CEA). 
Design: A prospective, comparative study in 100 consecutive patients. 
Setting: Leicester Royal Infirmary, Leicester, U.K. 
Materials: Intraoperative TCD monitoring was performed using a SciMed PcDop 842 2 MHz TCD. An Olympus 2.8mm 
flexible angioscope was used to inspect the arterial lumen prior to restoration ofbloodflow. After restoration offlow lOMhz 
BMU images and 8Mhz CWD velocity spectra of carotid artery blood flow were obtained. 
Chief outcome measures: The detection ofintimal flaps, thrombus, tenoses orother errors of surgical technique likely to 
result in perioperative morbidity. 
Main results: CWD and BMU images were technically inadequate in 970 and 247o of cases respectively and neither 
technique altered clinical management. Angioscopy demonstrated significant technical errors in 12 cases (four intimal 
flaps, thrombus ineight). TCD detected shunt malfunction i 137o of patients, emboli during dissection i 2370 and early 
postoperative carotid artery thrombosis in three patients. 
Conclusions: A combination ofTCD monitoring and completion angioscopy provided the maximum yield in terms of 
diagnosing technical error and establishing the cause of perioperative morbidity. 
Key Words: Transcranial Doppler; B-mode ultrasound; Continuous wave Doppler; Angioscopy; Intraoperative assessment; 
Carotid endarterectomy. 
Introduction 
Technical error has been identified as an important 
cause of perioperative morbidity and mortality arising 
from carotid endarterectomy. 1 However, there remains 
little consensus as to the optimal method of intra- 
operative assessment to detect hese errors. Although 
it has been demonstrated that on-table, completion 
angiography can be applied to detect defects, this 
technique has failed to gain widespread use. 2 Techni- 
cal difficulties associated with obtaining adequate 
intraoperative images and the morbidity attributed to 
the technique itself has prompted a search for alter- 
native, less invasive techniques. 
Angioscop)~ 3 B-mode ultrasound(BMU) 4 and con- 
tinuous wave Doppler(CWD) 5 have been proposed as 
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alternative completion methods and individual stud- 
ies of these techniques have confirmed their potential 
application. In addition, experience with transcranial 
Doppler (TCD) monitoring has highlighted its role in 
detecting intraoperative episodes of ischaemia nd 
6 embolisation. However, the application of this tech- 
nique as a quality control measure, detecting abnor- 
malities associated with operative technique, has not 
been investigated. 
We have therefore undertaken a prospective, com- 
parative study of the benefits and limitations of 
angioscop)~ BMU, CWD, and TCD in a consecutive 
series of 100 patients undergoing carotid endarter- 
ectomy. The aims were three-fold: firstly to compare 
the ability of the techniques to detect echnical error; 
secondly to assess the feasibility of applying each of 
the techniques for routine use; and finally to assess 
whether applying these methods provided useful 
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information as to the cause of perioperative neuro- 
logical complications. 
Materials and Methods 
A prospective comparative study was undertaken of 
100 consecutive patients undergoing carotid 
endarterectomy. 
Carotid endarterectomy was performed under nor- 
motensive, normocarbic general anaesthesia. The 
carotid sinus nerve was routinely blocked with 1% 
Lignocaine and intravenous heparinisation (5000 Iu 
intravenous) performed prior to carotid cross-clamp- 
ing. A Pruitt-Inahara or Javid shunt were routinely 
inserted in all but three cases, to ensure the maximum 
cerebral blood supply throughout each operation. 
Technical difficulties prevented shunt insertion in 
three cases. Endarterectomy was performed through a 
longitudinal arteriotomy which was routinely closed 
as a patch angioplasty (thigh vein or prosthetic- 
surgeon's preference). Prior to restoration of flow, all 
vessels were thoroughly flushed and back-vented. 
Heparinisation was not reversed. 
TCD monitoring was performed using a Scimed 
PcDop 842 2MHz TCD. The ipsilateral MCA was 
insonated through the transtemporal window and the 
probe held in position using a plastic probe holder and 
elasticated head band protected by a detachable metal 
head guard which prevented islodgement. Monitor- 
ing was continuous from commencement of anaes- 
thesia to 30 min after restoration of flow and all signals 
were recorded onto digital audio tape for post- 
operative playback and analysis. All monitoring and 
postoperative analysis was performed by the authors 
(MEG, JLS). 
At completion of the endarterectomy and just prior 
to final patch closure, back-bleeding and flushing of 
all carotid vessels was performed with heparinised 
saline to remove any adherent thrombus prior to 
restoration of blood flow. A 2.8mm flexible angioscope 
(Olympus AF type 28C, Keymed, Southend-on-sea, 
U.K.) was inserted through the remaining, unsutured, 
gap between patch and arterial wall into the artery. 
The distal endarterectomy site was visualised first, 
followed by the midpoint and finally the proximal 
endarterectomy site and common carotid artery. Any 
detected defects were classified as in Table 1 and 
corrected immediately, after which the artery was 
reassessed by reinsertion of the angioscope. 
Following angioscopic examination, suturing of the 
patch was completed and blood flow restored through 
the endarterectomised artery. Assessment of the blood 
Table 1. Technical defects detected by completion techniques 
Technique 
Intimal f lap Thrombus Stenosis 
>3ram <3ram >3ram <3mm >30% <30% 
Angioscopy 4 0 8 15 0 0 
BMU* 0 0 0 0 3 2 
CWD* 0 0 0 0 4 0 
*Defects for BMU and CWD are additional defects not detected by 
angioscopy. 
flow through the artery was then performed using 
BMU images and CWD velocity profiles. Both probes 
were covered in sterile, disposable plastic sheaths 
filled with water soluble acoustic gel and further 
sterile gel was used to provide acoustic coupling 
between the artery and the probes. 
BMU images were obtained using a 10MHz near- 
field probe (dimensions, 40mm × 10ram) connected 
to a B-mode ultrasound scanner (DRF 400, Diasonics 
Sonotron). Longitudinal images were obtained from 
common to internal carotid artery and the examina- 
tion was considered adequate if both proximal and 
distal end-points were visualised. The examination 
was then repeated to obtain transverse images and 
defects were classified according to the criteria in 
Table 1. Clinical decisions to reopen were based on the 
intraoperative images, but in addition all images were 
recorded onto high-resolution videotape for post- 
operative analysis. 
Velocity profiles of blood-flow along the endarter- 
ectomised artery were obtained using an 8MHz CWD 
probe and the SciMed PcDop 842 ultrasound process- 
ing unit. An angle of 60 ° to the artery was maintained 
as the probe was moved from CCA to ICA to include 
both end-points. Peak velocity readings were obtained 
from the whole length of the artery and, in addition, 
were recorded at the following fixed sites to enable 
comparison with postoperative Duplex scan veloci- 
ties: CCA proximal to endarterectomy; proximal end 
of patch; mid-patch (opposite origin of ECA); distal 
end of patch and ICA distal to endarterectomy. A peak 
velocity in excess of 125cm/s was considered to 
indicate a stenosis greater than 50%. 7 All signals were 
recorded onto digital audio tape for postoperative 
playback and analysis. 
Table 2. Reliability of completion techniques 
Number True False True False 
detected +ve +re -ve -ve 
Angioscopy Intimal f ap 4 
Thrombus 23 
BMU Stenosis >30% 3 
Stenosis <30% 2 
CWD Stenosis > 30% 4 
4 0 92 0 
23 0 71 0 
1 2 73 0 
0 2 74 0 
1 3 87 0 
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The nature and number of technical errors were 
determined for each method. Defects detected by 
angioscopy were corrected immediately prior to resto- 
ration of flow, therefore defects detected by BMU and 
CWD were considered as additional defects. The 
decision whether or not to correct a defect was taken 
by the operating surgeon. 
Postoperative surveillance 
All patients underwent colour Duplex ultrasound 
scanning of the operated artery at 6 weeks and 6 
months after CEA and all abnormal scans were 
compared with the intraoperative images. Minor 
defects, detected intraoperatively but not corrected, 
a 
b 
C 
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were examined to determine their significance and 
moni tor  progression. Peak velocity readings were 
obta ined f rom the predetermined  fixed points a long 
the artery and compared  with the intraoperat ive 
values obta ined with CWD. 
Data analysis 
True and false, posit ive and negat ive values were 
obta ined for each technique based on the f indings at 
re-explorat ion of the artery or f indings at post-  
d 
e 
f 
Fig. 1. TCD print-outs illustrating early carotid artery thrombosis. (a) Clamp release and restoration of flow. MCA velocity increases to 
93cm/s. (b) Particulate mboli begin to occur; discrete high intensity (yellow) signals (arrows). (c  Further emboli, MCA velocity falling, 
55cm/s. (d) Emboli still occurring, velocity now down to 42cm/s. (e) Reoperation, handling of artery causes dislodgement ofemboli and 
sudden velocity increase. Mass of platelet thrombus found adherent to ICA endarterectomy surface. (f) Restoration of flow after eoperation. 
Velocity maintained at 88cm/s. No further emboli. 
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operative Duplex scan if re-exploration was not 
performed (Table 2). A direct comparison of the 
accuracy of each technique was not possible because 
defects detected by angioscopy were corrected imme- 
diately and, therefore not subjected to examination by 
BMU and CWD. The ability of angioscopy to detect 
technical error prior to restoration of flow was 
considered an inherent advantage ofthe technique but 
this would have been negated if significant additional 
errors had then been detected by BMU or CWD. 
Results 
Perioperative morbidity 
The incidence of perioperative thromboembolic, neur- 
logical deficits (including the immediate postoper- 
ative period) was 4% consisting of one major perma- 
nent deficit, one minor permanent deficit and two 
temporary deficits resolving within 24-72 h. In each 
case the cause of the deficit was detected by TCD 
which enabled prompt action to minimise the neuro- 
logical consequences. 
One of the four patients experienced a transient 
extension of a pre-existing hemiparesis following 
shunt malfunction leading to a significant episode of 
air embolisation. This resolved completely within 72 
h. 8 The three remaining patients experienced early 
carotid artery thrombosis which was associated with 
persistent particulate mbolisation detected by TCD 
after final restoration of blood flow. The two perma- 
nent deficits consisted of a right arm monoplegia (672 
emboli) and a right hand monoparesis (153 emboli). In 
the final patient (348 emboli), a mild right hand 
monoparesis completely resolved within 24 h 9 (Fig. 
1a-f). 
A further two patients experienced patch angio- 
plasty rupture on the 7th and 9th post operative day 
from which they died, contributing to an overall 30 
day morbidity/mortality rate of 6% for this cohort of 
patients. 
Angioscopy 
Complete examinations were obtained in 98% of 
patients and technical abnormalities were detected in 
27 patients in the ICA and CCA. Inadequate visual- 
isation of the distal ICA occurred in two patients due 
to difficulty clamping above a very high end-point. 
Abnormalities consisted of four intimal flaps ( > 3mm), 
15 minor thrombi (< 3ram) and eight major thrombi 
(> 3ram). Small fixed fronds of intima were common 
and not considered abnormal. Angioscopy did not 
identify any arterial stenoses. 
All abnormalities were corrected before restoration 
of flow. Thrombus was retrieved by forceps or 
repeated flushing until check angioscopy indicated 
dearance. Intimal flaps were corrected by formal re- 
exploration and suture repair. No patients with 
corrected technical error subsequently developed 
postoperative thrombosis and all patients with cor- 
rected defects had normal postoperative Duplex 
scans. 
Transcranial Doppler ultrasonography 
Successful examinations were obtained in 91% of 
patients. Reasons for inadequate xaminations were 
skull hyperostosis (6%) and equipment failure (3%). 
Probe dislodgement during the operation was rare 
due to the protection provided by the metal head 
guard but in the postoperative period patient move- 
ment required occasional repositioning of the probe. 
TCD detected particulate mbolisation during prelim- 
inary dissection of the carotid artery in 23 patients. 
Early warning of this phenomena enabled modifica- 
tion of surgical technique in persistent cases (early 
distal ICA clamping)to avoid further embolisation. 9 
TCD also identified shunt kinking/malfunction in 13 
patients. In two, MCA velocities fell below 10% of 
preclarnp value indicating a high risk of developing 
an haemodynamic stroke. ~° 
In six patients TCD detected unexpected particulate 
embolisation i the early postoperative phase. In three 
cases the embolisation was minor (<44 emboli) 
asymptomatic and self-limiting, however in three 
cases (157-672 emboli) embolisation was persistent 
and preceded carotid artery thrombosis and the 
development of neurological deficits. In two patients 
persistent embolisation coincided with a gradual 
decline of MCA velocity (suggesting incipient occlu- 
sion) but in one patient MCA velocity remained 
constant and the TCD detection of embolic signals 
alone provided the diagnosis. In all three cases re- 
exploration of the artery revealed a mass of friable 
platelet thrombus adherent o a normal endarter- 
ectomy surface in the internal carotid artery 1-2cm 
from the bifurcation. 9 Thrombus formation was con- 
fined to the endarterectomy surface and did not 
involve the patch surface (one vein, two prosthetic). 
No technical error was associated with the site of 
thrombus formation and all patients had normal 
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intraoperative angioscopic, BMU and CWD examina- 
tions. Correction of the defect consisted of removal of 
the thrombus and commencement of a heparin 
infusion. 
causing a 30% stenosis at the junction of the distal 
patch, however this was not a significant flow limiting 
lesion. Duplex scan at 6 months did not show any 
progression of the stenosis. 
B-mode ultrasound 
Complete examinations were obtained in 76% of 
patients. Reasons for inadequate xaminations con- 
sisted of difficulties in probe access in 16 cases, 
inability to obtain adequate images through artificial 
patch material in six cases and instrument failure in 
two cases. The main problem of probe access consisted 
of visualising the ICA end-point when the endarter- 
ectomy had been continued distally to obtain a 
satisfactory disease free artery. 
No additional thrombi or intiml flaps were detected 
by this method. B-mode apparently identified two 
minor stenoses (<30%) and three major stenoses 
(> 30% intraoperatively at the junction of the distal 
patch and ICA. Two of the major stenoses were re- 
explored but no correctable defects were found and 
postoperative Duplex scans were normal. Also, post- 
operative Duplex scanning failed to confirm the 
presence of the minor stenoses. Only one >30% 
stenosis (not re-explored) was confirmed on post- 
operative scan (Table 2). 
Continuous wave Doppler 
Adequate examinations were obtained in 91% of 
patients. Reasons for inadequate xaminations con- 
sisted of difficulty in obtaining accurate velocity 
readings from the distal ICA where a high endarter- 
ectomy had been performed and acute angulation of 
the probe to reach the end-point made velocity 
comparisons with the rest of the artery unrehable. 
Velocity readings in excess of 125cm/s were 
detected in four patients. In three cases the velocity 
increases did not exceed 128cm/s and did not coincide 
with a B-mode image suggesting stenosis and there- 
fore the artery was not re-explored (Table 2). Post- 
operative Duplex scan did not confirm the presence of 
abnormality in these cases. In one case a velocity of 
132cm/s coincided with a B-mode image suggesting 
an arterial kink at the junction of the distal toe of the 
patch and ICA, however in the context of the 
operation this was not considered significant and the 
artery was not re-explored. Postoperative Duplex 
scanning confirmed the presence of an arterial kink 
Postoperative Duplex carotid scans 
Successful follow-up examinations were obtained in 
93% of patients. 
Five patients with normal intraoperative findings 
had abnormalities on postoperative Duplex scanning 
at 6 weeks. Two patients had developed arterial kinks, 
one at the distal end-point and one at the midpatch 
which were not flow limiting. However, one patient 
had developed significant intimal hyperplasia t the 
distal endpoint causing a 75% stenosis but repeat scan 
at 6 months did not reveal any progression of the 
lesion. Review of the intraoperative tapes confirmed 
that these abnormalities were not present intra- 
operatively and probably developed in the post- 
operative period. 
Two patients with normal intraoperative findings 
had undergone asymptomatic carotid artery thrombo- 
sis at the time of the 6 week postoperative scans. Both 
patients had normal intraoperative examinations. 
Discussion 
The broad aims of this study have been achieved. We 
have obtained information regarding the ability of 
each of the techniques to detect echnical errors and 
the feasibility of applying each of these techniques for 
routine use. TCD monitoring provided useful infor- 
mation as to the cause of perioperative complications 
and may contribute to a reduction in perioperative 
morbidity/mortality in future patients. 
The incidence of perioperative thromboembolic 
neurological deficits in this study was 4% consisting of 
two permanent and two temporary deficits resolving 
within 24--72 h. Immediate postoperative carotid 
thrombosis was the cause of two permanent deficits 
and one temporary deficit. TCD monitoring detected 
each of these complications at an early stage and 
having established the criteria necessary to make a 
diagnosis, based on our experience of the first two 
cases, it was possible to avoid a permanent neuro- 
logical deficit in the final patient by immediate 
operative interventiong(Fig. 1a-f). The remaining 
patient suffered a temporary extension of a pre- 
existing hemiparesis resulting from an episode of 
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gross air embolisation associated with shunt malfunc- 
tion. However, once again TCD provided an early 
warning of shunt malfunction thereby limiting the 
amount of embolisation and possibl)~ the neurological 
deficit, s 
The experience of these complications enabled us to 
determine the TCD criteria necessary for diagnosis of 
on-table/postoperative thromboses. At the time, the 
TCD diagnosis of these complications had not been 
described and therefore neurological deficits occurred 
because the clinical significance of what was being 
observed was not appreciated early enough. In future 
series of patients it may be possible to avoid neuro- 
logical deficits from these complications by early TCD 
diagnosis resulting in an improved morbidity/mortal- 
ity rate. 
In our experience, surgeons quickly acquire the 
skills necessary for correct positioning of the TCD 
probe and subsequent signal interpretation. Also the 
reliability of intraoperative monitoring has been 
improved by the use of the protective headguard 
which prevents intraoperative probe dislodgement. In 
the postoperative period constant supervision is 
needed both to reposition the probe when dislodged 
by patient movement and also to interpret he TCD 
signals. In the context of this research, postoperative 
supervision was performed by the two principle 
investigators (MEG, JLS), however, in routine use 
supervision could probably be provided by either a 
vascular technician or a specially trained recovery 
nurse. 
Interestingl)~ none of the thrombosed arteries were 
technically compromised suggesting that some 
patients are at risk of thrombosis even in the absence 
of technical error. The underlying factors which may 
predispose to this are currently under investigation, 
however it is known that carotid endarterectomy can 
be associated with enhanced platelet activation, espe- 
cially at the endarterectomy site) 1 The type of patch 
angioplasty would appear not to affect susceptability 
to thrombosis as one case occurred with vein and two 
with prosthetic material. 
Another preventable cause of morbidity/mortality 
associated with this study was patch angioplasty 
rupture. Patch angioplasty rupture is an uncommon 
but well described complication resulting in rupture 22 some days after operation. Because this is a late 
development this complication falls outside the scope 
of quality control, but we have had no further 
ruptures in a subsequent series of 120 carotid 
endarterectomies. 
Embolisation during the dissection of the carotid 
bifurcation is well recognised as a cause of intra- 
1 operative neurological deficits. TCD has identified 
that embolisation may occur from unstable plaques, 
even when employing the most careful operative 
technique. In cases where embolisation was persistent, 
one solution was to clamp early and complete dissec- 
tion of the bifurcation after insertion of an intra- 
luminal shunt. 
The blood-supply through an intraluminal shunt 
may be inadvertently occluded by handling during 
the course of the operation and the operating surgeon 
may be unaware of this. TCD was able to detect his 
kinking of the shunt immediately in 13 patients and 
warn the surgeon to correct he defect. This informa- 
tion may have been particularly important in prevent- 
ing a neurological deficit in two patients whose MCA 
velocity fell to below 10% of the preclamp velocit)~ 
indicating severe ischaemia) ° This finding highlights 
the importance of employing a monitoring method to 
ensure an intraluminal shunt continues to function 
efficiently after insertion. Of the techniques employed 
to detect completion defects angioscopy had sig- 
nificant advantages over BMU and CWD. 
Angioscopy proved to be a simple technique to 
perform enabling the surgeon to operate independ- 
ently of technicians and the magnified images of the 
arterial umen viewed on colour monitors required 
little specialised knowledge for interpretation. Angio- 
scopy enabled a full technical assessment in 98% of 
patients while BMU achieved only 76% due to 
difficulty ins0nating the distal ICA end-point, because 
of the size of the probe, and poor penetration of 
artificial patch material. BMU required a vascular 
technologist in attendance to obtain adequate images 
and help with interpretation of sonographic images. 
The low number of adequate xaminations achieved 
with this technique would severely limit its routine 
application. In addition the occurrence of two false 
positive re-explorations based on BMU images indi- 
cating stenosis reduced the surgeons' confidence in 
the technique. This resulted in a true stenosis not 
being re explored and corrected, however this was not 
associated with an adverse clinical outcome. 
Difficulty examining the distal end-point was also 
experienced with CWD in 9% of cases and difficulty 
with signal interpretation also occurred. In previous 
studies ubjective changes in acoustic frequency were 
used to indicate the presence of technical abnor- 
malities which were then investigated further by 
intraoperative angiography9 We attempted to 
improve the reliability of the technique by standardis- 
ing the angle of insonation and obtaining objective 
velocity readings. However, the limited amount of 
information provided by CWD indicates that this has 
a limited role as a quality control technique in CEA. 
Angioscopy proved a sensitive technique for the 
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detection of intimal flaps and fragments of intra- 
luminal thrombus. A major advantage of angioscopy 
is that defects are detected and corrected prior to 
restoration of flow, avoiding the need to reopen the 
artery. This is pflrticularly important with regard to 
fragments of intraluminal thrombus which may be 
dislodged as soon as flow is restored and therefore, 
never detected by methods applied after this stage. In 
addition, the detection of small fragments of thrombus 
by ultrasound is unreliable as platelet aggregates are 
echo-poor. 13 
In previous tudies, BMU has demonstrated intimal 
flaps down to lmm in size both in vitro and in vivo, 4 
but in this study no additional intimal flaps were 
detected by BMU indicating a low incidence of false 
negatives with angioscopy. 
Angioscopy detected efects in 27 patients but it is 
unlikely that all these patients would have suffered a
perioperative stroke if the defect had not been 
corrected. This was an observational study, not 
designed to determine the clinical significance of 
uncorrected defects however other large retrospective 
studies have established these defects as a cause of 
perioperative stroke in some patients. 1 There are no 
criteria to predict in which patients technical defects 
will be significant, therefore the safest course of action 
is to correct all defects. This is a simple procedure 
when using angioscopy because the artery is still 
open. 
In conclusion, a combination of TCD and comple- 
tion angioscopy offered the maximum positive yield 
in identifying technical error and detecting significant 
causes of perioperative morbidity. Angioscopy was 
the most accurate of the completion techniques and 
the easiest o apply routinely. TCD has been proposed 
as a monitoring technique for detecting intraoperative 
ischaemia nd indicating the need for an intraluminal 
shunt. 14 The results of this study would suggest hat 
TCD has a much wider role as a continuous quality 
control measure detecting errors of operative tech- 
nique as they occur during the operation and detect- 
ing thrombosis of the endarterectomised artery in the 
early postoperative period. The ability of TCD to 
identify carotid thrombosis in the early postoperative 
period, prior to detection of neurological signs, is an 
important clinical application of this technique. 
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